The present study compared the abilities of different lipid carriers of amphotericin B (AMB) to activate murine peritoneal macrophages, as assessed by their capacities to produce nitric oxide (NO) and tumor necrosis factor alpha (TNF-␣). Although AMB alone did not induce NO production, synergy was observed with gamma interferon but not with lipopolysaccharide. This synergy could not be explained by the mobilization of the nuclear activation factor NF-B by AMB. On the other hand, AMB induced TNF-␣ production without a costimulator and no synergy was observed. Anti-TNF-␣ antibodies did not influence NO production, and an inhibitor of NO synthase did not affect TNF-␣ production, indicating that the production of one of these effector molecules was independent of that of the other. The incorporation of AMB into lipid carriers reduced NO and TNF-␣ production with all formulations but more so with liposomes than with lipid complexes. NO production was correlated with the induction of NO synthase II, revealed by Western blotting. The extent of association of AMB with macrophages depended on the formulation, especially on the AMB/lipids ratio: the higher the ratio was, the greater the AMB association with macrophages. However, there was no clear correlation between AMB association with macrophages, whether internalized or bound to the membrane, and immunostimulating effects. These results may explain the reduced toxicities of lipid-based formulations of AMB.
Amphotericin B (AMB) is considered to be the antifungal agent of choice for the treatment of many disseminated infections in immunocompromised patients (AIDS patients, cancer patients, or transplant recipients), despite its toxicity. Many hypotheses concerning the mechanisms of activity and/or toxicity of AMB have been put forward. In addition to its wellknown property of complexing membrane sterols, AMB might also activate the innate immune defense functions of macrophages.
The immunomodulating effects of AMB may be exerted on polynuclear neutrophils, macrophages, natural killer cells, T cells, B cells, and lymph node cells. In particular, stimulation of macrophage-mediated defense mechanisms with AMB has been proposed as an interesting therapeutic strategy to supplement the direct antifungal activity of the drug. These immunostimulating effects may be mediated by the production of cytokines as well as by low-molecular-weight effector molecules (53) .
Increased production of tumor necrosis factor alpha (TNF-␣) (9, 42, 48) , interleukin-1 (IL-1) (8, 11, 34, 42) , 32) , and macrophage colony-stimulating factor (M-CSF) (16) has been shown for macrophages treated with AMB, as has the production of prostaglandin E-2 (18) . This cytokine and prostaglandin production may be responsible for some of the toxic effects of AMB, such as chills and fever (8, 18, 34) . AMB has also been shown to trigger the respiratory burst (33, 51) leading to the generation of active oxygen metabolites, e.g., H 2 O 2 and O 2 Ϫ (50), in macrophages and polymorphonuclear leukocytes. These products have been shown to reinforce the antimicrobial activity of AMB by their cytotoxic effects (41, 50, 51) . On the other hand, AMB has been found to induce nitric oxide (NO) production as a result of NO synthase (NOS) induction only in the presence of a costimulator such as gamma interferon (IFN-␥), lipopolysaccharide (LPS), and M-CSF (16, 21, 37) . This NO production may also increase the antimicrobial activity of AMB (29, 49) . AMB has also been shown to modify some other functions of phagocytic cells: chemotaxis, adherence, and phagocytosis (39, 54) .
Recent advances in the clinical application of AMB have focused on the improvement of its therapeutic index through reduction of toxicity as a result of its incorporation into lipid carriers. Several colloidal AMB preparations (Table 1) have appeared on the market or are undergoing clinical trials (5, 26) . These preparations are either liposomes, such as AmBisome and ampholiposomes, or lipid complexes, such as Amphotec and Abelcet. It has already been observed that some of the immunostimulating effects mentioned above may be modified when AMB is associated with lipid carriers (3, 31, 33, 43) . However, no systematic study comparing all the different formulations has been made.
In order to evaluate the role of AMB lipid preparations in macrophage immunostimulation and the implication of this immunostimulation for antimicrobial therapy, the present study compares the abilities of free AMB and AMB associated with different lipid carriers, both commercial and prepared in our laboratory, to activate murine peritoneal macrophages in vitro. Among the possible effector molecules synthesized by macrophages, NO and TNF-␣ were chosen for detailed study because of their known cytotoxicities in vivo. Furthermore, the relationship between this activation and the uptake of AMB in different lipid carriers by the macrophages was investigated in an attempt to determine the mechanism of immunostimulation.
viable cells were counted in the presence of trypan blue, the macrophage suspension was diluted to the desired concentration, 10 6 cells/ml, in complete medium and plated into flat-bottomed 96-well plates at 100 l/well. The cells were allowed to adhere for 3 h at 37°C in a humidified 95% air-5% CO 2 atmosphere.
RAW 264.7 (ECACC catalogue number 91062702) cells were maintained in RPMI 1640 Glutamax-I medium, containing less than 5 pg of endotoxin per ml, supplemented with 5% decomplemented FCS guaranteed to have less than 20 pg of endotoxin and antibiotics per ml.
Macrophage activation. After adherence, the medium in 96-well plates containing mouse peritoneal macrophages was removed and replaced by medium containing the different formulations of AMB at various concentrations in the presence of a costimulator where stated below. The costimulator was either IFN-␥ at 20 IU/ml or LPS at 5 g/ml (in both cases at suboptimal doses). After an activation phase (from 4 to 72 h), the medium was removed and kept for assay of TNF-␣ or nitrite, the latter being measured as an indication of NOS induction. In order to elucidate the role of TNF-␣ as a costimulant for NOS induction, similar experiments were performed in the presence of 10 g of anti-TNF-␣ antibody per ml. Similarly, to determine the influence of NO on TNF-␣ secretion, a competitive inhibitor of NOS, L-NMMA (1 mM) was added during this phase in some experiments. To check that the formulations did not contain nitrite, which could be taken as indicating NO production, and did not have direct effects on L929 cells, similar manipulations were carried out on wells without macrophages.
Finally, to ensure that the immunomodulating effect of the AMB formulations were not due to contamination with traces of LPS, we performed experiments in which the formulations were preincubated with polymyxin B (2 g/ml) for 15 min at 37°C before being added to the cells.
Measurement of nitrite. Briefly, 100 l of the culture medium was incubated with 200 l of Griess reagent (19) (1% sulfanilamide-0.1% naphthylethylene diamine dihydrochloride) at room temperature for 30 min in the dark. The absorbance was measured at 540 nm using a Labsystem microplate reader. A calibration curve was prepared by using sodium nitrite in culture medium. The lower detection limit of this method was 1 M nitrite. Medium containing a range of dilutions of the different AMB formulations incubated at 37°C between 6 and 170 h in the absence of macrophages did not contain nitrite or other material reacting with the Griess reagent and did not affect the growth of L929 cells (data not shown).
Measurement of TNF-␣ activity. TNF-␣ activity was measured by the cytotoxicity assay on L929 mouse fibroblasts (ECACC catalogue number 85011425) in the presence of 2 g of actinomycin D per ml as described by Flick and Gifford (15) . Mouse peritoneal macrophages were incubated for 5 h with an immunomodulator as described above. Subconfluent L929 cells were suspended at 4 ϫ 10 5 cells/ml in RPMI 1640 containing 10% serum. Aliquots (100 l) of this cell suspension were dispensed into individual wells of microtitration plates. After adherence (4 h), the medium was removed and 100 l of conditioned medium from macrophages was added. A calibration curve with recombinant mouse TNF-␣ was performed in each assay. The plates were incubated overnight at 37°C in a humidified 5% CO 2 incubator. Cell viability was determined by a colorimetric assay using the tetrazolium salt MTT (12) . We verified that L929 viability was restored when anti-TNF-␣ antibody was added.
Measurement of cell viability. The protein contents of the macrophage monolayers were determined at the end of each experiment after the monolayers were washed twice in warm phosphate-buffered saline (PBS) and then lysed in 0.1% (wt/vol) Triton X-100, using the Bio-Rad (Ivry-sur-Seine, France) detergentcompatible assay (Lowry method) and bovine serum albumin as a standard. The MTT conversion method (12) was also used. A calibration curve (10 to 50,000 ng/ml) was prepared from a stock solution of AMB in dimethyl sulfoxide, which was further diluted in methanol-Triton X-100 (3/1); the limit of detection was 1 ng/ml.
After an activation period (5 or 18 h), the medium was removed and the cells were washed twice with PBS. The macrophages were lysed with 100 l of Triton X-100 (1%), AMB was extracted with 300 l of methanol, and 50 l of the supernatant after centrifugation (15,000 ϫ g, 30 min, 4°C) was assayed. Each experiment was carried out three times using 2 wells of a 24-well plate (10 6 cells/well), with three measurements of the contents of each well being taken.
For experimentation with cytochalasin B, cells were incubated with cytochalasin B (5 g/ml) for 15 min before addition of AMB formulations.
Preparation of cellular protein extracts. Peritoneal macrophages were plated in 24-well plates at a density of 10 6 cells/well. After 4 h of adherence, immunomodulators were added in culture medium containing 5% serum as described above. As a positive control, two wells were treated with IFN-␥ (100 IU/ml) and LPS (100 ng/liter) and other samples were treated with LPS (100 ng/liter) alone or with IFN-␥ (20 IU/ml) alone. After 18 h, the medium was removed and the cell monolayers were washed twice with ice-cold PBS. The monolayers were treated with 60 l of lysis buffer (10 mM Tris buffer [pH 7.5], 50 mM NaCl, 5 mM EDTA, 1% NP-40, 1 mM phenylmethylsulfonyl fluoride, 5 g of pepstatin per ml, 5 g of aprotinin per ml, 5 g of leupeptin per ml, 2 mM benzamidine) for 20 min on ice and then scraped and collected. The tubes were centrifuged at 4°C to remove cell debris, and the protein content of the supernatant was determined using the Bio-Rad detergent-compatible assay. Lysates were stored aliquoted at 20°C until electrophoresis.
Western blot analysis for NOSII. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed under reducing conditions on a 7.5% gel. Equal amounts of protein (50 g) from each lysate were loaded. Proteins were then transferred to a nitrocellulose membrane (Optitran BA-S 83; Schleicher and Schuell Inc., Dassell, Germany) at 30 V and stored overnight in 25 mM Tris-192 mM glycine (pH 8.3)-20% methanol. Nonspecific binding sites were blocked by incubation with 5% skimmed milk in Tris-buffered saline (TBS; 25 mM Tris [pH 7.5], 150 mM NaCl) containing 0.2% Tween 20 for 1 h at 37°C. The membrane was incubated with anti-NOS II murine antibody (Santa Cruz Biotechnology Inc., supplied by Tebu, Le-Perray-en-Yvelines, France) at 0.5 g/ml in TBS for 2 h at room temperature. After five washes with TBS-Tween 20-0.5% skimmed milk, the secondary antiserum (goat-anti-rabbit immunoglobulin G conjugated with horseradish peroxidase; Sigma Immunochemicals, St.-Quentin-Fallavier, France), diluted 1/10,000 in TBS buffer, was added for 2 h at room temperature. The above-described washing procedure was repeated. The immunoreactive bands were revealed by the enhanced chemiluminescence (ECL) system (Amersham, Orsay, France) and detected with photographic film (Hyperfilm ECL; Amersham). The film was scanned, converted into a bitmap, and reproduced using Microsoft PowerPoint. Nitrite was measured in 100-l samples of conditioned culture medium as described above.
Investigation of the role of NF-B. In order to determine whether AMB with or without costimulators could mobilize the nuclear factor NF-B, the murine macrophage cell line RAW 264.7 was temporarily transfected with the plasmid 3enh-b-LUC, which contains the luciferase gene under the control of three synthetic copies of the B consensus sequence of the immunoglobulin -chain promoter, kindly supplied by Nicole Israel, Institut Pasteur, Paris, France. Prior to the experiment, it was confirmed that NOS activity could be induced in these cells by combinations of IFN-␥ and LPS. RAW cells (4 ϫ 10 6 per ml) were treated with 100 ng of plasmid per g in the presence of a cationic lipid preparation. They were then plated at 3 ϫ 10 6 cells/well. After 15 min the LPS, IFN-␥, TNF-␣, and AMB in various combinations were added for 5 h. Thereafter, cell lysates were prepared before determination of luciferase activity by a chemiluminescence technique.
RESULTS

AMB. (i) NO production.
NO production by macrophages incubated with free AMB was observed only in the presence of IFN-␥ (Fig. 1A) . This production seemed to be dose dependent until the concentration of AMB reached 1 g/ml, which is the threshold of toxicity as judged by the MTT test and protein quantification. The highest amounts of nitrite were found between 5 and 10 IU of IFN-␥ per ml (Fig. 1B) , which represent a synergistic association (although this association produced less NO than the combination IFN-␥-LPS). In all cases, no synergy was observed between AMB and LPS, although LPS could increase the response to IFN-␥ alone (Fig. 1B) . The induction of NOS II by the combination of AMB and IFN-␥ was confirmed by Western blotting (Fig. 2A) .
(ii) TNF-␣ production. AMB induced TNF-␣ production in a dose-dependent manner without any costimulator (Fig. 3B) . As regards NO production, a steep increase was observed between AMB concentrations of 0.3 and 0.5 g/ml. When AMB was combined with IFN-␥ (or LPS), no significant syn- 
VOL. 45, 2001 REDUCTION OF NOS AND TNF-␣ BY AMB LIPID CARRIERS 555
on September 30, 2017 by guest http://aac.asm.org/ ergy for TNF-␣ production and only additions of the effect of AMB to that of the costimulator were observed (Fig. 3A) . No significant differences were observed between Fungizone and free AMB (dissolved in dimethyl sulfoxide or prepared like LC-AMB), as far as the immunomodulatory effects were concerned. The production of NO and TNF-␣ induced by AMB formulations did not diminish on preincubation with polymyxin B (2 g/ml). (iii) Relationship between NO and TNF-␣ production. It was possible that TNF-␣ acted as a costimulator for NO production. However, when macrophages were activated in the presence of a blocking antibody to TNF-␣, no change in NO production was observed, whatever the experimental conditions were (dose of AMB, costimulator, formulation, and time of activation). Similarly, the production of TNF-␣ induced by the different combinations of immunostimulators was not altered in the presence of an NOS inhibitor, L-NMMA, at a concentration (1 mM) sufficient to completely block NO production (data not shown). Thus, the production of NO and that of TNF-␣ were induced directly and independently by AMB.
(iv) Determination of the role of NF-B. In order to understand the mechanism by which AMB was able to stimulate NO and TNF-␣ production in macrophages, we investigated whether the nuclear transcription factor NF-B might be involved. It is known that NF-B is necessary for NOS II gene transcription but that IFN-␥ alone cannot mobilize this factor, whereas LPS can (52) . The synergy observed between AMB and IFN-␥ but not between AMB and LPS in our present results is consistent with the hypothesis that AMB might mobilize NF-B and thus replace LPS in the two-signal mechanism of macrophage activation. Furthermore, NF-B is also implicated in the induction of TNF-␣ production.
In an attempt to detect the mobilization of NF-B by AMB, a plasmid carrying a luciferase reporter gene under the control of a strongly NF-B-dependent promoter was introduced into the macrophage-like cell line RAW 264.7. These cells were treated with various combinations of immunostimulants. It had previously been established that this cell line responded to AMB, IFN-␥, and LPS in a way similar to that of primary cultures of murine peritoneal macrophages. Furthermore, measurement of nitrite in culture medium from the experimental groups yielded results comparable with those shown in Fig.  1A , that is, synergy between IFN-␥ and AMB for the induction of NOS II activity. Figure 4 shows a threefold increase in luciferase activity after treatment with LPS (10 ng/ml) in the absence of AMB, showing that transfection was efficient. As expected, IFN-␥ (20 IU/ml) did not induce luciferase expression alone and did not increase the expression induced by LPS. However, the treatment with AMB alone (up to 2 g/ml) did not increase the intensity of chemiluminescence. Furthermore, when AMB was added in the presence of LPS, luciferase expression was not reinforced; rather, it was slightly decreased. These results indicate that AMB does not mobilize NF-B in macrophages and that its effects on NOSII induction and TNF-␣ production must be mediated by some other intracellular signaling pathway(s).
Lipid formulations of AMB. (i) NO and TNF-␣ production. In the presence of IFN-␥, AMB that was associated with lipid carriers stimulated significantly less NO production (Fig. 5 ) than free AMB up to the subtoxic dose of 1 g/ml. The levels of expression of NOS observed by Western blot analysis (Fig.  2B ) were roughly correlated with nitrite production, showing that this difference was at the level of NOS induction rather than the result of a posttranscriptional modification of its activity. TNF-␣ production was also reduced when AMB was presented associated with lipid formulations. A dose-response curve shaped similarly to that of free AMB was observed (Fig.  6) .
At 10 g of AMB per ml, a concentration at which free AMB was toxic, the lipid formulations were well tolerated as determined by the MTT conversion test and by measurement of the protein content of the monolayers (data not shown). At this concentration, all the formulations except LC-AMB and Amphotec induced lower NO and TNF-␣ production than did free AMB at 1 g/ml. The two small-sized complexes, Amphotec and LC-AMB, showed the smallest reductions in NO and TNF-␣ production compared with the levels produced by AMB, whereas the large Abelcet complexes and the two liposomal formulations induced lower levels of TNF-␣ and NO. The small unilamellar AmBisome and the Abelcet ribbons of several microns yielded similar results. Thus, there did not seem to be any correlation between size or form and immunostimulating effects. Furthermore, the lipid composition did not seem to be directly related to activity, since the commercially available Abelcet and its modified form had the same In an attempt to determine why different formulations of AMB led to such different results in terms of NO and TNF-␣ production, we then investigated the association of AMB presented in different forms with macrophages.
(ii) Uptake of AMB presented to macrophages in different formulations. Association of all the formulations was dose dependent, but considerable differences between them were noted ( Table 2 ). The amount of AMB that associated after presentation as a liposome formulation (AmBisome and ampholiposomes) was similar to or not much greater than that with control AMB. On the other hand, AMB presented as a complex, especially in Abelcet, was associated to a much greater extent than control AMB. The level of association of LC-AMB was intermediate between those of liposomes and the commercial complexes. Although the association increased with increasing AMB concentration in the medium, this trend was not linear, suggesting a saturable component, but a plateau was not reached, even with Abelcet. On the other hand, the association reached equilibrium quickly, since it was only slightly higher after 18 h than after 3 h, except with LC-AMB.
Whatever the formulation, association was considerably reduced at 4°C compared with that at 37°C (data not shown) except with the positively charged ampholiposomes at a high concentration. The last result may indicate adsorption onto the negatively charged cell membrane by electrostatic interaction. On the other hand, the results obtained in the presence of cytochalasin B (data not shown) were more variable, with the degree of inhibition depending on the formulation and the dose.
(iii) Relationship between AMB association and immunostimulating effect. Whatever the mechanism of association of AMB with macrophages, it is clear that the production of NO and that of TNF-␣ (Fig. 4 and 5, respectively ) cannot be directly related to the total amount of AMB associated. In fact, the complex which showed the highest association (Abelcet) induced the smallest NO and TNF-␣ production. On other hand, the liposomes, which showed a level of association similar to that of AMB, differed in their immunostimulating effects (ampholiposomes activated much more than AmBisome), although both were less efficient than AMB. The LC-AMB preparation, which showed intermediate association, induced the highest NO and TNF-␣ production among the formulations.
DISCUSSION
A number of pathogens can survive and multiply within cells of the mononuclear phagocyte system because they have developed mechanisms to protect themselves from host defense systems. This ability to survive and multiply provides a reservoir of microorganisms, which can provoke recurrent infection. Colloidal formulations can be advantageous in treating these types of infection because they themselves are concentrated within phagocyte cells. Thus, microorganisms within the phagocytes may be directly reached, and furthermore, antibiotic-loaded macrophages may migrate to sites of infection. For example, the use of liposomes has been shown to increase the amount of AMB at the sites of Aspergillus infection (36) . Colloidal systems have also been used to deliver immunostimulating molecules to macrophages to stimulate their innate antimicrobial activity.
There is growing evidence that AMB has immunostimulating activity and that this may be responsible for part of AMB's antimicrobial activity. Several authors have noted differences in the in vitro and in vivo sensitivities to AMB of various microorganisms, namely, Listeria monocytogenes (6, 35, 46) , Schistosoma mansoni (38) , Toxoplasma gondii (22) , and Trypanosoma cruzi (23) , suggesting that indirect mechanisms are involved. The fact that AMB therapy has sometimes been found to be less effective in severely immunocompromised patients (14) also suggests that immunostimulation plays a role in the action of the antibiotic against pathogenic agents. Among the different effector molecules which may be produced by AMB-stimulated macrophages, NO and TNF-␣ are often cited. Several studies have demonstrated the implication of NO in the antimicrobial action of AMB. Tohyama et al. (47) showed that the NOS inhibitor L-MMNA reduced the anticryptococcal activity of AMB in vitro. However, in another study, NO was found to be cytostatic rather than cytotoxic (49) . On the other hand, several authors have shown that TNF-␣ can increase the capacity of macrophages and polymorphonuclear leukocytes to phagocytose and kill Candida albicans (17) and improve the survival of infected mice. Furthermore, the autocrine secretion of TNF has been shown to contribute to NO production and killing of intracellular parasites, such as Leishmania major (20) .
Therefore, the production of these two molecules was used to compare the effects of free and lipid-associated AMB in peritoneal macrophages. Our results indicating that AMB-induced NO production only in the presence of IFN-␥ as a costimulator are in accord with those obtained by several other authors in vitro (21, 31, 37) as well as in vivo (25) . The dose of IFN-␥ necessary for costimulation of mouse peritoneal macrophages (20 IU ml) (Fig. 1B) was inferior to that needed for the J774A1 cell line (21, 37) . M-CSF (16) and OK432 (48) have also been found to act as costimulants for NO production with AMB. In our experiments, however, LPS could not replace IFN-␥ as a costimulant, although LPS and IFN-␥ acted in synergy to induce NO in mouse peritoneal macrophages and reached a higher level of activity than the combination AMB-IFN-␥. The production of NO and TNF-␣ induced by AMB formulations did not diminish on preincubation with polymyxin B, indicating that traces of LPS were not responsible.
The induction of the NOSII protein by the different immunostimulant combinations was confirmed by Western blotting. Furthermore, the intensity of the NOS II band was roughly proportional to the AMB dose (Fig. 2) . Unlike NO production, TNF-␣ secretion was stimulated by AMB alone and the results of combinations with IFN-␥ and LPS were merely additive, as described by Louie et al. in vitro with thioglycollate-stimulated macrophages (31) and in vivo (32) . The use of anti-TNF-␣ antibody confirmed that the effect of conditioned medium on L929 cells was due to TNF-␣ and not to AMB itself or another secreted mediator. It was possible that the TNF-␣ induced by AMB might have acted as a cofactor for NOS II induction, as was observed by Drapier (13) . However, the fact that NO production was maintained in the presence of anti-TNF-␣ antibody eliminates this possibility. On the other hand, TNF-␣ production has been reported to be down- regulated by NO (24, 44) . However, in our experiments complete inhibition of NO production had no effect on TNF-␣ production, in accordance with the observations of Boss et al. (4) .
Since the nuclear activation factor B is implicated in both TNF-␣ production and NOS II induction, it was interesting to check whether AMB could mobilize this factor. This mechanism would be consistent with the interactions observed between different immunostimulants: IFN-␥ does not activate NF-B and must be combined with a costimulant which does (e.g., LPS) for NOS II induction (52) . We thus speculated that AMB might replace LPS as the NF-B activator. This hypothesis was tested in a macrophage-like cell line (RAW 264.7) temporarily transfected with a reporter gene under the control of a strongly NF-B-dependent promoter. The results (Fig. 4) clearly show that AMB did not activate NF-B or increase its activation by LPS. Therefore, some other mechanism, such as protein kinase C activation (40) , must explain the action of AMB on NO and TNF-␣ production.
In contrast to the situation with free AMB, the immunostimulating properties of lipid-based formulations have not been thoroughly evaluated previously. Our results clearly show that, at equivalent concentrations, the production of NO and TNF-␣ induced in mouse peritoneal macrophages by the lipid formulations was always less than that induced by free AMB but remained dose dependent. The different formulations reduced the immunostimulating activity of AMB to different extents. Similar results concerning TNF-␣ production were obtained with AmBisome in vitro (31) and in vivo (3). On the other hand, Sculier and Body (43) observed increased TNF-␣ production in cancer patients treated with ampholiposomes, but no comparison with free AMB was made.
Several explanations of the reduced immunostimulating effects of lipid formulations of AMB are possible. The presence of some types of liposome has been observed to interfere with the processes of NO and TNF-␣ production. Negatively charged unloaded liposomes (containing phosphatidylserine or phosphatidic acid), but not neutral ones, have been observed to inhibit NO production by macrophages as a result of suppression of NOS induction (2) and also to inhibit TNF production by interfering with tyrosine phosphorylation of a 41-kDa protein (1) . However, the molar proportion of negatively charged lipid was very high (33 to 50%) and the concentration of lipid which gave significant inhibition (about 350 M) was much greater than that associated with 1g of AMB per ml in our formulations (1 to 20 M). Phosphatidylglycerol was not tested. On the other hand, negatively charged unilamellar liposomes containing 5% phosphatidylserine were observed to inhibit TNF-␣ by a posttranslational mechanism (7) . Again, the concentration of lipid which gave significant inhibition (6 mM) was higher than that used in our experiments. No toxicity was observed by the MTT test or by measurement of the protein content of the cells; thus, an effect on cell viability can be excluded. Furthermore, the production of NO and TNF-␣ was dose dependent and continued to increase when the AMB concentration was increased from 1 to 10 g/ml (with a corresponding 10-fold increase in lipid concentration). This type of dose-response curve would not be expected if the lipids had a direct effect on the ability of the macrophages to become activated. Furthermore, the effects on NO and on TNF-␣ production were correlated even though their production was independent.
In our experiments, we tested the effects of the lipids used to prepare LC-AMB (DMPC/DMPG, 7/3) processed by the same solvent displacement technique without the antibiotic. The resulting colloid alone induced moderate NO and TNF-␣ production (Table 3) , and more importantly, when it was presented at the same time as a solution of AMB, it did not reduce the levels of production of NO and TNF-␣ compared with the levels stimulated by AMB alone. Thus, the slight reductions in levels of NO and TNF-␣ produced that were observed when AMB was presented as LC-AMB and the greater reductions observed with Abelcet (which has the same lipid composition) could not be explained by an inhibitory effect of the lipids. It would have been interesting to test the effect of the lipids used in the other formulations, but since these were gifts from the manufacturers, the corresponding "blank" formulations were not available, and even if we had tried to reproduce these formulations in the laboratory, they would not necessarily have been representative since the preparation procedures for the commercial preparations have not been disclosed. Furthermore, in the cases of the complexes with high AMB/lipids ratios, the morphology of the objects would not be the same in the absence of AMB, since the antibiotic influences the lipid organization. In fact, the particles prepared by nanoprecipation from the DMPC-DMPG lipid mixture, as a control for Abelcet and LC-AMB, were polydisperse and unlike either of the two AMB complexes. The results obtained with them (Table 3 ) led us to think that it was not the lipids per se but the AMB-lipid interactions which were important in modulating macrophage activation. As far as NO production was concerned, the intensities of the bands attributed to NOS II on Western blotting were approximately proportional to the extent of NO production, indicating modifications at the level of enzyme induction rather than a posttranslational modification or inhibition of enzyme activity. This and the fact that the same tendencies were observed for NO and TNF-␣ suggest that the formulations affect the process of immunostimulation by AMB at an early stage, perhaps at the level of the availability of AMB. Table 2 shows that the immunostimulating activity of the formulations cannot be correlated with their total association with macrophages. However, the mode of association with the cells may be important. AMB may be associated with macrophages either by phagocytosis of intact particles or by diffusion into the cell membrane after cell-particle contact or after release of AMB from the formulations. Work by Legrand et al. (28) has shown that the larger the particle, the higher the proportion of phagocytosis. Thus, free AMB or AMB from Fungizone was associated mainly by diffusion, while the large Abelcet particles were principally taken up by phagocytosis. However, in our study there was no correlation between particle size and NO and TNF-␣ production. Another important factor could be the amount of AMB released into the medium after dissociation from the formulation. A study of the release of AMB from liposomes by monitoring changes in its spectral properties showed that this process was much more rapid from ampholiposomes than from AmBisome (27) . This result may be explained by the strength of binding of AMB to the lipids. The higher AMB/lipids ratio in the complexes (Table 1) have been shown to lead to a more rapid release (P. Legrand, unpublished results) . This leads to hypotheses that the immunostimulating effects are due to free AMB in the culture medium, which interacts with the cell membrane in a particular way (30, 54) , and that AMB remaining anchored within the formulations is ineffective. However, the contrasting results obtained with LC-AMB and Abelcet indicate that the AMB/lipids ratio is not the only important factor. Here, the difference in morphology may play a role. The large Abelcet ribbons are rapidly removed from the medium by phagocytosis, especially because of sedimentation in this unstirred culture system, and AMB within phagolysosomes may be ineffective in terms of stimulating NO and TNF-␣ production. Therefore, our results indicate that two factors are important in determining the immunostimulating properties of AMB within lipid formulations: the rate of release of AMB from the formulations and the kinetics of association with cells. These two processes combine to explain the high NO and TNF-␣ production observed for LC-AMB at 10 g/ml.
The results presented in this paper clearly demonstrate that the immunostimulating properties of AMB depend on the formulation in which it is presented to macrophages. However, these results cannot be extrapolated directly to the in vivo situation, since other factors, such as the biodistribution of the carriers and their effects on other types of immunocompetent cells, have to be taken into account. The question remains as to the consequences of these differences for their toxicity and efficacy. All the formulations studied here reduced the toxicity of AMB in vitro and in vivo. However, the new formulation, LC-AMB, which shows the highest NO and TNF production, was found to have a 50% lethal dose similar to that of AmBisome (unpublished data), the least toxic of the commercial formulations and that which most reduces NO and TNF production. The production of proinflammatory cytokines such as IL-1 (8, 34) , 32) , and TNF-␣ has been proposed as a cause of some side effects of AMB, while treatments which reduce this production, namely, the use of antibodies (32) or dexamethasone (9) and pentoxilline (11), can reduce this toxicity. In particular, TNF-␣ production induced by AMB and its derivatives in human immunodeficiency virus-infected macrophages can stimulate virus replication (10) . Therefore, AMB formulations which minimize TNF-␣ production would be advantageous for therapy of infections in AIDS patients.
On the other hand, the reduced immunostimulating capacity of lipid formulations of AMB may reduce their efficacy against intracellular infections and may explain why some authors have observed poor antifungal activity in immunocompromised patients. It would be interesting to test the impact of reduced NO and TNF-␣ production on the activity of AMB on macrophages infected by pathogens. Therefore, a study of the immunostimulating and antiparasitic activities of these formulations in infected macrophages will be the subject of a forthcoming publication.
